Introduction
============

One-dimensional semiconductor nanostructures have been intensively investigated in recent years due to their interesting optical and electronic properties, and promising applications in nanoscale devices \[[@B1]-[@B3]\]. Among the II--VI semiconductors, CdS has been attracted special interest because it exhibits high photosensitivity and its band gap energy (2.41 eV) appears in the visible spectrum leading to many commercial or potential applications in light-emitting diodes, solar cells, field emitter, and other photoelectric devices \[[@B4]-[@B8]\]. To date, CdS nanotubes are synthesized via the sol--gel or electrophoretic processing combination of molecular anchor template and various porous membranes including anodic aluminum oxide, polycarbonate, and mesoporous silica. \[[@B9]-[@B12]\] In fact, the CdS nanotubes prepared by above-mentioned methods are always free standing, and impossible to be directly used to fabricate nanodevices, because they cannot orderly locate on the solid surface after the removal of the templates. Therefore, the controlling growth of aligned CdS nanotubes and getting ordered nanostructures on conductive substrates by a facile and versatile synthetic method is still a challenge. In this work, a large area of CdS nanotube arrays on silicon wafer is successfully fabricated by the method of layer-by-layer deposition using well-aligned ZnO nanorod arrays as removable templates. The wall thicknesses of CdS nanotubes are precisely tuned by controlling the cycles of layer-by-layer deposition. The field emission (FE) properties of CdS nanotube arrays are investigated. The results indicate that the FE properties of CdS nanotube arrays can be controlled through changing the wall thicknesses of CdS nanotubes. With increasing the wall thicknesses of CdS nanotubes, the enhancement factor *β* decreases and the values of turn-on field and threshold field increase.

Experimental Details
====================

Scheme [1](#C1){ref-type="fig"} shows a schematic illustration of the fabrication processes of CdS nanotube arrays by the method of layer-by-layer deposition. A typical synthetic procedure is carried out as follows. The ZnO nanorod arrays are prepared on a silicon wafer through a hydrothermal process \[[@B13]\]. Then, the wafer with ZnO nanorod arrays is immersed in an aqueous solution of 0.05 M cadmium nitrite. In this process, the Cd^2+^ nuclei will adhere to the lattice site on the surface of ZnO nanorods. After 5 min, the wafer is taken out from the solution and washed with deionized water for 3 times. Then, the wafer is dipped into an aqueous solution of 0.05 M sodium sulfide for 5 min resulting in the Cd^2+^ reacting with S^2−^ to form CdS nuclei on the surface of ZnO nanorod. Subsequently, the wafer is washed with deionized water for 3 times. Repeating the above-mentioned process for 3 times, the wafer becomes slightly yellow, which indicates the CdS layer on the surface of ZnO nanorods is formed. Three kinds of ZnO/CdS core/shell nanorod arrays with different thicknesses of CdS shell are prepared by above-mentioned process for 6 (sample C), 9 (sample B), and 12 (sample A) deposition cycles, respectively. Then, three samples are immersed in the aqueous solution of 1 M sodium hydroxide to remove the ZnO nanorods, respectively. After removing the ZnO nanorods, the wafers show the bright yellow of CdS nanotubes.

![The schematic illustration of the fabrication processes of CdS nanotube arrays](1556-276X-4-955-i1){#C1}

The arrays of CdS nanotubes are characterized and analyzed by field emission scanning electron microscopy (FESEM, Hitachi, S-4300), transmission electron microscopy (TEM, JEOL, JEM-1011), energy-dispersed X-ray microanalysis system (EDXA, Oxford Instrument, UK), Fluorescence spectrophotometer (Hitachi, F-4500), and X-ray diffraction (XRD). The XRD patterns are recorded with a Japan Rigaku D/max-2500 rotation anode X-ray diffractometer equipped with graphite-monochromatized Cu Kα radiation (λ = 1.54178 Å), employing a scanning rate of 0.05°s^−1^in the 2θ range from 20° to 60°. The FE properties of CdS nanotube arrays are measured using a two-parallel-plate configuration in a homemade vacuum chamber at a base pressure of \~1.0 × 10^−6^ Pa at room temperature. The sample is attached to one of stainless-steel plates as cathode with the other plate as anode. The distance between the electrodes is 300 μm. A direct current voltage sweeping from 0 to 5000 V was applied to the sample at a step of 50 V. The emission current is monitored using a Keithley 6485 picoammeter.

Results and Discussion
======================

The morphologies of pre-synthesized ZnO nanorod arrays are first examined by SEM. Figure [1](#F1){ref-type="fig"}a shows that the ZnO nanorods present a well-defined hexagonal shape with uniform diameter of about 126 nm. The cross-sectional view of SEM image (Fig. [1](#F1){ref-type="fig"}b) shows the ZnO nanorods align on the silicon wafer with a length of about 1.5 μm. Such highly alignment of ZnO nanorods are further confirmed by its corresponding XRD analysis. As shown in Fig. [1](#F1){ref-type="fig"}c, the XRD pattern is dominated by a very sharp and strong (002) reflection of wurtzite-type ZnO, which indicates the ZnO nanorods are grown in the preferentially direction of \[0001\]. After the 12 cycles of deposition CdS and subsequent ZnO nanorods template removal, the olivaceous film changes to light yellow and remains on the silicon wafer. Figure [2](#F2){ref-type="fig"}a shows that the photograph of large area light yellow CdS nanotube arrays (sample A), which are up to 40 cm^2^ on size. Figure [2](#F2){ref-type="fig"}b displays that the XRD pattern of sample A which is dominated by characteristic (002), (102), and (110) reflections of wurtzite-type CdS, which indicates the crystal of as-synthesized CdS nanotube. The EDAX pattern (Fig. [2](#F2){ref-type="fig"}c) shows that there are just S and Cd elements in the nanotubes, which confirms that the ZnO nanorods are completely removed. The quantitative analysis of EDAX pattern indicates that the atomic ratio of Cd and S in the nanotubes is about 1:1. The room temperature photoluminescence (PL) measurement of the CdS nanotube arrays are shown in Fig. [2](#F2){ref-type="fig"}d. A green emission band around 550 nm and a red emission band around 750 nm \[[@B14]\] are observed. The PL intensities of CdS nanotube arrays enhance with increasing the deposition cycles. As shown in Fig. [2](#F2){ref-type="fig"}e and f, the SEM images reveal that the light yellow film deposited on the surface of silicon wafer consists of perfectly aligned hexagonal CdS nanotube arrays. The hexagonal CdS nanotubes resulting from the ZnO nanorod arrays have the average external diameters of 166 ± 7 nm (Fig. [2](#F2){ref-type="fig"}e), and all of nanotubes exhibit opened ends. The inset of Fig. [2](#F2){ref-type="fig"}e displays that their walls are very smooth about 20 ± 3 nm in thicknesses. Figure [2](#F2){ref-type="fig"}f shows the products present hollow structures vertically standing on the silicon wafer with a length of about 1.5 μm. When the deposition decreased to nine cycles, CdS nanotube arrays (sample B) are also obtained. Figure [3](#F3){ref-type="fig"}a shows that the average external diameters of CdS nanotubes are about 154 ± 5 nm, which are less than that of sample A (166 ± 7 nm). All of nanotubes exhibit opened ends in sample B. The wall thicknesses of CdS nanotubes (sample B) decrease to ca 15 ± 2.5 nm (Fig. [3](#F3){ref-type="fig"}b). With decreasing the deposition to six cycles, the arrays of CdS nanotube (sample C) with thinner wall thicknesses of 10 ± 1.5 nm are prepared, whose external diameters decrease to 140 ± 3 nm (Fig. [3](#F3){ref-type="fig"}d).

![SEM images of ZnO nanorod arrays**a**the top view,**b**the cross-sectional view.**c**The XRD pattern of ZnO nanorod arrays](1556-276X-4-955-1){#F1}

![**a**Photograph of sample A.**b**The XRD pattern of sample A.**c**The EDAX spectra of sample A.**d**PL spectrum of CdS nanotube arrays at room temperature, λ~ex~ = 504 nm. The SEM images of sample A**e**top view,**f**cross-section view](1556-276X-4-955-2){#F2}

![SEM images of CdS nanotube arrays.**a**The low magnification SEM image of sample B.**b**The high magnification SEM image of sample B.**c**The low magnification SEM image of sample C.**d**The high magnification SEM image of sample C](1556-276X-4-955-3){#F3}

To explore construction forms of CdS nanotubes, the TEM measurements are performed. Figure [4](#F4){ref-type="fig"}a is a typical TEM image of CdS nanotube arrays (sample A). The nanotubes are uniform with an external diameter of about 166 nm and length of about 1.5 μm. Figure [4](#F4){ref-type="fig"}b shows a TEM image of typical individual CdS nanotube (sample A) with ca 166 nm of external diameter and the thickness of wall is about 20 nm. The selected area electron diffraction (SAED) pattern exhibits that the CdS nanotube (sample A) is polycrystal (the inset of Fig. [4](#F4){ref-type="fig"}b). As shown in Fig. [4](#F4){ref-type="fig"}c, the external diameters of CdS nanotubes (sample B) are about 154 nm and the open nanotube is clearly observed. The thicknesses of wall decrease to about 15 nm. The SAED pattern presents the CdS nanotube (sample B) also is polycrystal (the inset of Fig. [4](#F4){ref-type="fig"}c). Figure [4](#F4){ref-type="fig"}d shows that the external diameter of CdS nanotube (sample C) is about 140 nm and the thickness of wall is only about 10 nm. The inset of Fig. [4](#F4){ref-type="fig"}d indicates that the CdS nanotube (sample C) is polycrystal.

![**a**The low magnification TEM image of CdS nanotube arrays of sample A. TEM images of**b**,**c**, and**d**are high magnification TEM images of A, B, and C, respectively. The inset images are SAED patterns of corresponding CdS nanotube](1556-276X-4-955-4){#F4}

The FE measurements of CdS nanotube arrays dependence on wall thicknesses of nanotubes were firstly performed. The typical plot of the FE current density*J*versus the applied electric field (*J--E*) and the corresponding Fowler--Nordheim (F*--*N) plots of those CdS nanotube arrays are illustrated in Fig. [5](#F5){ref-type="fig"}a and b, respectively. The FE parameters are listed in Table [1](#T1){ref-type="table"}. Here we define the turn-on field (*E*~to~) and the threshold field (*E*~th~) as the applied electric fields required to produce a current of 10 μA/cm^2^and 1 mA/cm^2^, respectively.*E*~to~for sample A is 11.33 V/μm. With decreasing the wall thicknesses of CdS nanotubes, the*E*~to~of samples B and C decrease to 9.99 and 7.99 V/μm, respectively. With decreasing the wall thicknesses of CdS nanotubes, the*E*~th~decreases.*E*~th~for samples A, B, and C are 14.92, 13.44, and 11.27 V/μm, respectively. The maximum emission density of sample A is 3.9 mA/cm^2^, which is higher than that of sample B (3.28 mA/cm^2^) and C (2.97 mA/cm^2^).

![**a**Field emission*J*--*E*curve of CdS nanotube arrays.**b**The corresponding F--N plot of CdS nanotube arrays](1556-276X-4-955-5){#F5}

###### 

The field emission properties of CdS nanotube arrays

  Sample   *l/t*   *l/r*   *E*~to~(V/μm)   *E*~th~(V/μm)   *β*~exp~   *β*~sim~
  -------- ------- ------- --------------- --------------- ---------- ----------
  A        75      18      11.33           14.92           276        273
  B        100     19.5    9.99            13.44           372        359
  C        150     21.4    7.99            11.72           625        642

*r*the average radius,*t*the thickness wall of CdS nanotube,*l*the length of nanotube,*β*~exp~the value of enhancement factor obtained by experiment data,*β*~sim~the simulation value of enhancement factor

To further analyze the FE properties of the CdS nanotube arrays, the class Fowler--Nordheim (F--N) law \[[@B15]\], which was induced on the base of the electron emission properties from a semi-infinite flat metallic surface, was used to describe the relationship between the *J* and the local field *E*~local~ nearby the emitter which is usually related to the average applied field *E* as follows:

where *d* is the inter-electrode spacing, *V* is the applied voltage, and *β* is the enhance factor. The F--N law is expressed as:

where and *ϕ* is the work function, which is estimated as 4.2 eV for CdS \[[@B16]\]. The *β* can be determined by fitting the slope value and taking a reasonable value. For those CdS nanotube arrays, the F--N plots (Fig. [5](#F5){ref-type="fig"}b) show a linear relationship, implying that a quantum-tunneling mechanism is responsible for the emission. As illustrated in Table [1](#T1){ref-type="table"}, the *β* for sample C (625) is higher than that of samples A (276) and B (372). It is well-known that the *β* is not only determined by the aspect ratio but also by the ratio of length to the wall thickness for the tube-like emitters \[[@B17],[@B18]\]. An empirical formula is obtained according to Kokkorakis' model: \[[@B17],[@B18]\]

where *mn*, and *c* are alterable parameters. The *r* is the average radius of nanotube, *l* is the length of nanotube, and *t* is the thickness of wall. The *β* is determined by two factors, aspect ratio *l/r* and the ratio of length to wall thickness *l/t*. For getting the values of three parameters, we must use formula 3 to fit the values of *β* which are obtained in experiment. The parameters *mn*, and *c* are obtained as 0.9, 3.7, and 6, for the best fit to the experimental datum. Using these parameters, we get three simulating values of *β*~sim~ for samples A, B, and C, which are 273, 359, and 642, respectively. They are consistent with the experiment values. In our case, *l/r* of those CdS nanotube arrays are almost same and the value of parameter *n* is larger than parameter *m,* which means *l/t* is the key role to determine the FE properties of CdS nanotube arrays. The FE properties of CdS nanotube arrays increase with the increase of *l/t*. The length of samples A, B, and C are almost same, so the arrays of CdS nanotube with the thinner wall exhibit the better FE property.

Conclusions
===========

A large area of CdS nanotube arrays is fabricated by a facile way of layer-by-layer deposition. The wall thicknesses of nanotubes are controlled by tuning the deposition cycles. The FE properties of CdS nanotube arrays dependence on wall thicknesses are investigated and show infusive and regular results. With decreasing the wall thicknesses of CdS nanotubes, the value of*E*~to~and*E*~th~decrease and*β*increases. The thinnest walls of CdS nanotubes exhibit the least value of*E*~to~and*E*~th~for promising candidate materials on field emitters and nanodevices.
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